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INTRODUCTION

Blast signatures at the gunner's position produced by recoilless rifles

and rocket launchers often exhibit a strong secondary wave following chamber

blowdown. The experimental result in Figure 1, obtained with a rocket

launcher, shows a wave arriving late in the firing cycle. Its intensity and

duration exceed those of the primary wave.

Of course, such a wave could be due to reflection of the primary wave off

a nearby surface, or it could be the result of secondary combustion aft of the

weapon. It may even be a wave originating at the muzzle following shot

ejection (ref i). Previous work (refs 2-5,13) has shown that it could also be

of gas dynamic origin, i.e., a result of the rapid chamber blowdown, a feature

often designed into such weapons. This report describes an experimental and

numerical study of the latter possibility.

THE LABORATORY EXPERIMENT

The experiment was conducted with the blast simulator described in

Reference 2. Helium was used as the driver gas because it removes the

possibility of secondary combustion and because its high acoustic speed

simulates propellant gas behavior reasonably well (refs 3,6-9). The simulator

was positioned relative to nearby surfaces such that reflected waves would not

enter the test area during the period of interest.

A set of thirteen firings was made to gather pressure histories at the

ninety-one gage locations shown in Figure 2. The locations formed a 5" x 5"

grid. Seven gages were used during each firing. They were placed in the

References are listed at the end of this report.



horizontal plane of symmetry and on both sides of the simulator to minimize

interference. Downstream of the nozzle, a pencil-type gage holder was used on

the axis and for the positions just off axis. Disk type holders were used

elsewhere. The complete set of pressure histories is given in the Appendix.

Selected histories are presented here.

In Figure 2A, the secondary wave is seen arriving at location 31

following chamber blowdown. It has a strength of 2 psi. It becomes

progressively weaker as it moves upstream, but its strength exceeds that of

the primary wave at some locations. The data of Figure 2B, taken along a 45

degree angle to the simulator axis, show a similar behavior. In the exit

plane, Figure 2C, the secondary wave has significant strength near the axis

but becomes hard to discern at the more remote locations. This pattern is

even more striking in Figure 2D, the first set of locations aft of the nozzle

exit plane.

To aid in interpreting the pressure data, the set of shadowgraphs in

Figure 3 was taken. Each small rectangle of film is a one-eighth reduction

of a 20" x 24" negative. The first four indicate two major wave sources. One

is centered at the plume head and is associated with the axial thrust of the

driver gas; the other is centered near the nozzle exit and may be due to

unsteadiness in the plume shear layer. Both sources produce waves which are

strongest in the downstream direction. They particularly stand out in the

pressure histories of Figure 2D at the outermost locations.

The first appearance of the secondary wave is in Figure 3E, taken when

the chamber pressure has nearly fallen to atmospheric. It appears to be

centered about a position somewhat aft of the nozzle and is traveling

2
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upstream. The last shadowgraph shows the wave further upstream. Its strength

appears to be greatest near the simulator axis and weakest off axis. This is

consistent with the pressure traces and most unfortunate for the user of such

weapons.

While the data clearly show that the secondary wave emerges from the

plume itself, its relationship to the wave structure within the plume is not

apparent. Several dozen additional shadowgraphs were taken in an effort to

view this structure at late times but to no avail. It was decided that a

numerical solution might be helpful in this regard.

THE COMPUTER EXPERIMENT

A computer simulation of the laboratory experiment was not attempted

since its large size at the time of secondary wave formation would require

unreasonable computer storage to produce the desired detail within the plume.

Instead, the problem sketched in Figure 4A was considered. Helium flows from

a reservoir, through a variable area orifice, into a chamber fitted with a

converging nozzle; the nozzle discharges to the stagnant atmosphere occupying

the half-plane to the right of the nozzle exit. Conditions in the reservoir

are held constant at 140 times atmospheric pressure and at atmospheric

temperature. The chamber is initially filled with air so a mixture of the two

gases is vented at early times. The flow up to the nozzle exit is treated as

quasi-steady.

Downstream, the transient, axisymmetric, inviscid equations of motion are

solved using Harten's Total Variation Diminishing (TVD) scheme for solving

systems of hyperbolic equations (refs 10,11). It is a second-order, shock-

3



* capturing, non-oscillator method. A description of how the method is applied

* to the present problem is given in Reference 12.

The variable area orifice supplying the chamber opens and closes with a

sinusoidal temporal variation. The chamber state is a function of the nozzle

exit conditions which, for subsonic outflow, also depend on the flow

downstream. Pressure and density histories are shown in Figure 43.

The flow structure shortly after peak chamber pressure is shown in Figure

5A. Equally spaced contours of pressure are plotted. Contours were omitted

near the nozzle exit because the strong expansion would render the region

black (see the pressure surface plot at the top of the figur-°  e Mach disk

and the oblique and intercepting shocks defining the shock 4ttle are easily

4 identified. The heavier solid line represents the plume boun.. ,. It is

actually a contour plot of the mole fraction of the air (ref 12); five contour

levels equally spaced over the range 0.49 to 0.51 are shown.

Within the plume, the velocity vectors help to delineate the contact

surface separating the freshly discharged gas, which moves at supersonic

speed, from gas released earlier and which now forms a subsonic layer

surrounding the shock bottle. The vectors also show the vortex region at

the plume head.

The surface plot in Figure 5A shows that the pressure level is about two
4

atmospheres downstream of the shock bottle. This region is supported on the

upstream side by the momentum of the supersonic gas flow and on the downstream

*. side by the resistance of the stagnant atmosphere. As the chamber pressure
4

continues to fall, the high pressure region spreads out in both the upstream

direction, because the gas stream has a decreasing amount of momentum to

i
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support it, and in the downstream direction as the primary shock engulfs more

of the atmosphere. In Figure 5C, the upstream progress of the pressure wave

can be seen as it passes through the lower half of the vortex and distorts the

contour lines. Note that the flow behind the Mach disk has actually been

reversed temporarily.

In Figures 5D and 5E, the pressure wave is seen as it passes through the

plume boundary. The pressure surface plots in these two figures show only the

area covered by the contour plots in order to emphasize the secondary wave.

Also, the surface is viewed from the solid boundary rather than along the axis

as before.

The passage of the pressure wave through the vortex is impeded by the

counterclockwise motion of the gas in that region. Just outside the shock

bottle, however, the gas has a low velocity and is actually turned upstream by

the shock. The figures give the appearance of a near spherical pressure wave

traveling upstream, but one which also must diffract around the vortex and

thus weaken in the radial direction. The aame characteristic was observed in

the laboratory experiment.a
CONCLUSION

It would appear that a necessary requirement for the emergence of a

secondary wave is a chamber blowdown sufficiently rapid to allow it to squeeze

through between the shock bottle and the vortex. A more gradual blowdown

would provide upstream support while the high pressure region decayed along

with the progressively weakening primary shock. Unfortunately, this would

also imply longer projectile travel distances. The computer model provides a

5



way of estimating the necessary trade-off.

The grid used in this problem was 150 cells in the axial direction and

120 cell, in the radial direction. The plume, where much of the action takes

place, occupied less than half this space. Only five cells were used across

the nozzle exit plane. Nevertheless, Harten's scheme provided sufficient flow

field definition and has much to recommend its use for problems of this type.

I

a

" " 1



REFERENCES

1. Clayden, W. A. and Hillman, A., "Some Recent Work on Noise From

Shoulder-Launched Recoiliess Weapons," RARDE paper presented to TTCP W2

Workshop, 1978.

2. Carofano, G. C., "Laboratory Simulation of Recoilless Rifle Backblast,"

Proceedings of the Third International Symposium on Ballistics, 23-25

March 1977, Karlsruhe, Germany, paper Cl. (This paper may also be found

in the Appendix of Reference 3).

3. Carofano, G. C., "A Comparison of Blast Data From a 105 mm Recoilless

Rifle and a Laboratory Simulator," ARLCB-TR-78020, USA ARRADCOM, Benet

Weapons Laboratory, Watervliet, N-, November 1978.

4. Groetz~nger III, W. H., Ed., "Evaluation of In-Tube-Burning Rockets For

Advanced LAW (U)," Technical Report S-244, Rohm & Hass Co., Redstone

Research Laboratory, Redstone Arsenal, Alabama, December 1969 (C).

5. Groetzinger III, W. H., Ed., "Evaluation of In-Tube Burning Rockets For

Advanced LAW (U)," Technical Report S-208, Rohm & Haas Co., Redstone

Research Laboratory, Redstone Arsenal, Alabama, April 1969 (C).

6. Grimshaw, J. F. and Pennelegion, L., "The Simulation of Infantry Weapon

B!ast Using a Compressed Gas Source," Sixth International Symposium on

Military Applications of Blast Simulators, Cahors, France, June 1979.

7. GrLmshaw, J. F. and Pennelegion, L., "A Parametric Study of Weak Blast

Waves From Conical Nozzles Driven by Compressed Gases," Royal Military

College of Science Report No. 78004, Shrivenham, September 1972.

7



8. Ponting, R., "Some Recent RMCS Work in the Field of Intermediate

Ballistics," Technical Proceedings of the Blast Overpressure Workshop,

Dover, New Jersey, 25-26 May 1982.

9. Ponting, R. and Pennelegion, L., "The Simulation of Weapon Blast Using a

Burning Propellant Source," Royal Military College of Science,

Shrivenham, September 1981.

10. Harten, A., "High Resolution Schemes For Hyperbolic Conservation Laws,"

J. Computational Physics, Vol. 49, No. 3, March 1983, pp. 357-393.

ii. Yee, H. C., Warming, R. F., and Harten, A., "On the Application and

Extension of Harten's High-Resolution Scheme," NASA TM 84256, Ames

Research Center, Moffett Field, CA, June 1982.

12. Carofano, G. C., "Blast Computation Using Harten's Total Variation

Diminishing Scheme," ARDC Technical Report ARLCB-TR-84029, Benet Weapons

Laboratory, Watervliet, NY, October 1984.

13. Arszman, J. H., "Impulsive Noise of Propulsion Systems -- Sources,

Analysis, Control," U.S. Army Missile Command, Technical Report RK-82-7,

Redstone Arsenal, Alabama, July 1983.
N

0

8

0



Lai

Bc-

13

LLC

LLaJ

WA ..h.. r_

Laii

dcU

C.3 Q.

3WfSS3~d 3anSS3 Hd



w m~ N D 01 N m0
01 tr- La Ln inm G Z S

1.4

us-

ws,

1:.

N 04 t4

Lon
U 9_ _ _ IL _ _ CLCL'

In 
2



m N m~~- r\/

0 ~ £ r, L1 3 InC

£0 LO N mq r,

A (r- 8 L

U8U
wp~r W

in0

Q. -j L I



R4-v

r- ~ io n u8 ItU
m N Un m P- V) C"

r- rl U U3 U, m C Y~

0 M
-o r. U) IV .i ni C

0) U ~ t~ (A U ~ NWON

C14

U.i

C-4 0..



N0c

0- -r-U C

en .n OrN D 0

co w r- CY m ( Cl m

IL

-j Li



A'A

Fig~ire 3B. T 1.2 sec

Figure 3JA T 1.68 msec.y -r -



A

-4-

£~#$4A%' -.

v-way *~r.ry~~~c-.9: -<4

* r A"'~'A . 'cw-74~.4r,,p Th~ ___

.E.;a~?.
- ~ -~

-. d ~. -.

4 A& ~-~; - -. ,

"4'* .

- -'4;2.s~Nt~i4~t el).: jSt

S

0'

- AK *.

~..ttAA ft A',

*

% K '~ ~

4* /4 4 4 ~ )4; -t'A'4.~ .4~

:)~44rr..v.-rkr dat. %'A.*"-ft' *0 ~'~%-~/~ "-r--
~ %$'t'1~ .~ -. .,, K!) '4 Y0 4* 3i.t.t .~

* ,4 4-.~f ~ - v-

S

* - . - .. - , . --- -: v-c--'



-V ~ - - - -"

'1,14

I-1

6L



C

...

*1



.- SOLID EOIYP1DARY

PRMARY 
SHOCK

PLUM!E BOUNDARY

REEVI- OBLIQUE SHOCK

NOZZLE INTERCEPTING SHOCK
-CONTACT SURFACE

Figure 4A. Problem Sketch.

ww

o z

a.'C3

* - DENSE TY -

8 PRESSLRE a

TI ?PE

13



el

57A
A A A A 0

53 AA AA A

" A A A A 0 A14 1 5 A .A7 A' AS & 01 37 F- A± 4A A3 57 A 53 S2 737

37 pre A t ~ ssr ?1b ~ av r

r



414

4 5 9 A S r~ I3 r7 r~ r r9 v r 41 4S 95 75 56 37 ~2

i're 5. ? ur -.~ Alt a4 Al 1 -9-1 -

46 v A 4.4 1 9 10



.7 .17

SOP 1o 1? , oI44A44444 -

49 A A

yv v v v v v vv v Il.6 1

v v v v 4 1 7 -4 v6 v9 v3 3v 41 vL %9 63 b7 416 973~
37ur vC v~ssr vlt at 4 -4v.722v. vv

v



4 6AAAAA 1 A4 4.

v -t

67vvv1r A.
U57UA 4LAA 4444 -

53 V yvI 1&6
v vv v vv vv 1 61&1& && . LX A4 4 .1

49 v , ,1 6 A - 1

V v r vb 11 T p p -^ '45 , b -L a 91 - 1

9j.

v v v v* V v5 6q
I~~~ v V 13 V7 21 25 29 3 v7 1 S 9 5 v7 v b h 73 77 81

Fiur SD ?rssr ?lV aV 13.357 A AA

37 vvvvvvvvvv



61 v V v. 1, 1 -6LLA . 4 It7 4L41 II -P AAAA%

61 V 16 , 1 CqI A A A 4
57 -vvvwvvvvvv% ,v"1 -TvT 4 A A 4

v rS ,A

15 v Vv v V ZS2v v f v o41 19356G67 A A ABA

45 wvvvv Fiur vE vrssr vlt ft t p 15 06. AA :

V v v v v v 1.4, 23

41 vv6vvvv vvv vv0 V

v vvVvv Vvvvv.o
v v v v v.- v v v * v v v V V V *



AP P En DL

* This appendix contains the complete set of pressure histories taken

during the experiments.

24

0Z



*~~~o Y * - W,': -W--- . - - *-

0

co lk a L IV 4- C

m m z

p c

~C

usU
wL

0b

8.

N N CY fL

CL (L CL



(D r- r- in vn mn ,c ~

06d

-

ca

se

Lii

U 0 aa

N t4 C4 0

26



03

U00

00

w 0

U))
-a. -9L - -J C



m O0 N ID 0 m~~

g IB Q ~g q A SV Cd 4 OD N

4)
06

ulaa)

ws)

w 0 IVcc N tIV m m N CY Y N R N 'T

U Z; 8
La 08i - 7 8"A

CL -j CL - IL j CL I

28.



S w co N, Wn In Ln -m

M M L N W M

USU

ww

UU
CL 9 ' a.-j 9L -i t



4-Z

(4 M ry U3 IV 1U- Ul m" mi N

IV .'

&I le MD ;0 4 I

300



In &i ~ m N N -

-- o m m Nw

(DI co r n ) w0 ,4C

w0

uI-

6X 8

00
00

CD CY0U

31.



CD 0 m ID m~ mW rI ~
co r, w la D V mi mf IN N

-0-

~P.

Lo w 0 C" 0 N La co
0 N , N - N eq a N Y V

u 0.. L " u P

0 w to 0

u i C

3@



CD r, r, LO m 1 N -

C wm N w

0 m to m m V, d -

Loi

64
u-

LAU

C _ _ _ _ _E_

CDw

__ _-H
00

UO

33



7.-7

r-C 0 m w N w w N - 0 v
U) w - r- w in i m mW (.4 -D m

o~ m in 0 1

-LJ

U)U

LLa

00

34a



S7

I1 rn s -M

r- o m 1 m1 N 10 w N 0 0 v

0 1 0 0 U) v 01 mV 0 m

0

Li

U93

LJi
r-'-8

353



n cm m m
IV m

-J

LD to C" N D w Y

CD ~ ~~ ~ ~ --0 M- - 0 C

UOU
Lli bo

x:E3i

CDk
0 omm I m c nm I

a. -j C

364



4-4

0'Of

-Jr

w0

cn0
m m ca m s w

U CL -j-j CL C

037



TECHNICAL REPORT INTERNAL DISTRIBUTION LIST

NO. OF
COPIES

CHIEF, DEVELOPMENT ENGINEERING BRANCH
ATTN: SMCAR-LCB-D 1

-DA 1
-DP 1
-DR 1

-DS (SYSTEMS) 1
-DS (ICAS GROUP) 1
-DC 1

CHIEF, ENGINEERING SUPPORT BRANCH
ATTN: SMCAR-LCB-S 1

-SE 1

CHIEF, RESEARCH BRANCH
ATTN: SMCAR-LCB-R 2

-R (ELLEN FOGARTY) I
-RA I
-R4 2
-RP I
-RT 1

TECHNICAL LIBRARY 5
ATTN: SMCAR-LCB-TL

TECHNICAL PUBLICATIONS & EDITING UNIT 2
ATTN: SMCAR-LCB-TL

DIRECTOR, OPERATIONS DIRECTORATE 1

DIRECTOR, PROCUREMENT DIRECTORATE 1

DIRECTOR, PRODUCT ASSURANCE DIRECTORATE 1

NOTE: PLEASE NOTIFY DIRECTOR, BENET WEAPONS LABORATORY, ATTN: SI4CAR-LCB-TL,
OF ANY ADDRESS CHANGES.



S -

TECHNICAL REPORT FXTERNAL DISTRIBUTION LIST

NO. OF NO. OF
COPIES COPIES

ASST SEC OF THE AR!MY COMMANDER
RESEARCH & DEVELOPMENT US ARMY AMCCOM
ATTN: DEP FOR SCI & TECH 1 ATTN: SMCAR-ESP-L
THE PENTAGON ROCK ISLAND, IL 61299
WASHINGTON, D.C. 20315

COMMANDER
COMANDER ROCK ISLAND ARSENAL
DEFENSE TECHNICAL INFO CENTER ATTN: SMCRI-ENM (MAT SCI DIV)
ATTN: DTIC-DDA 12 ROCK ISLAND, IL 61299
CAMERON STATION
ALEXANDRIA, VA 22314 DIRECTOR

US ARMY INDUSTRIAL BASE ENG ACTV
COMMANDER ATTN: DRXIB-M
US ARMY MAT DEV & READ COMD ROCK ISLAND, IL 61299

ATTN: DRCDE-SG 1
5001 EISENHOWER AVE COMMANDER
ALEXANDRIA, VA 22333 US ARMY TANK-AUTMV R&D COMD

ATTN: TECH LIB - DRSTA-TSL

COMMANDER WARREN, MI 48090
ARMAMENT RES & DEV CTR
US ARMY AMCCOM COMMANDER
ATTN: SMCAR-LC 1 US ARMY TANK-AUTMV COMD

SMCAR-LCE I ATTN: DRSTA-RC
SMCAR-LCM (BLDG 321) 1 WARREN, MI 48090
SMCAR-LCS 1
SMCAR-LCU I COMMANDER
SMCAR-LCW 1 US MILITARY ACADEMY
SMCAR-SCM-O (PLASTICS TECH 1 ATTN: CHMN, MECH ENGR DEPT

EVAL CTR, WEST POINT, NY 10996
BLDG. 351N)

SMCAR-TSS (STINFO) 2 US ARMY MISSILE COMD
DOVER, NJ 07801 REDSTONE SCIENTIFIC INFO CTR 2

ATTN: DOCUMENTS SECT, BLDG. 4484
DIRECTOR REDSTONE ARSENAL, AL 35898
BALLISTICS RESEARCH LABORATORY 1
ATTN: AMXBR-TSB-S (STINFO) COMMANDER
ABERDEEN PROVING GROUND, MD 21005 US ARMY FGN SCIENCE & TECH CTR

ATTN: DRXST-SD
.MATERIEL SYSTEMS ANALYSIS ACTV 220 7TH STREET, N.E.
ATTN: DRXSY-MP 1 CHARLOTTESVILLE, VA 22901
ABERDEEN PROVING GROUND, MD 21005

NOTE: PLEASE NOTIFY COMMANDER, ARMAtMENT RESEARCH AND DEVELOPMENT CENTER,
US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCA-LCB-TL,
WATERVLIET, NY 12189, OF ANY ADDRESS CHANGES.

•~ . - ' - -. -. 7 -, . .<" --. X -• ** :' - .-.- . i- - --."- -" . <--' " . --:.'-



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF

COPIES COPIES

COMMANDER DIRECTOR

US ARMY MATERIALS & MECHANICS US NAVAL RESEARCH LAB

RESEARCH CENTER 2 ATTN: DIR, MECH DIV

ATTN: TECH LIB - DRLMR-PL CODE 26-27, (DOC LIB)

* WATERTOWN, MA 01272 WASHINGTON, D.C. 20375

COMMANDER COMMANDER

US ARMY RESEARCH OFFICE AIR FORCE ARMAMENT LABORATORY

ATTN: CHIEF, IPO 1 ATTN: AFATL/DLJ

P.O. BOX 12211 AFATL/DLJG
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